Reactive oxygen species can give rise to numerous modifications of DNA. We have investigated the formation of such modifications using the nuclease PI digestion method of the ^-postlabeUing procedure for the detection of DNA damage. Analysis of DNA that had been treated with a Fenton-type system of copper (or iron) ions and H 2 O 2 resulted in the detection of up to ten discrete 12 P-labelled spots, displaying chromatographic characteristics similar to aromatic adducts, on PEI-cellulose TLC. Maximum total levels equivalent to 28 adducts/10 8 nucleotides were achieved after 15 min of treatment with Cu 2+ /H 2 O2. The formation of adducts was 1.5 times greater if single-stranded rather than double-stranded DNA was employed, suggesting an intrastrand effect. Experiments with 3'-deoxyribonucleotides demonstrated that the adducts detected did not represent base modifications such as 8-hydroxydeoxyguanosine or thymidine glycols. However, treatment of specific dinudeotides (dApdG and dApdA) was found to produce two major adducts that were chromatographkally identical by TLC and HPLC to the two major adducts formed in DNA. It is proposed that these species with aromatic adduct-like characteristics are the result of the intrastrand linking of specific adjacent bases in DNA.
Introduction
It has been widely established that normal aerobic metabolism in organisms may give rise to significant intracellular concentrations of reactive oxygen species such as hydrogen peroxide (H2O2) and the superoxide radical (O 2~) (1, 2) . In addition, exposure to numerous xenobiotics and ionizing radiation can produce the highly reactive and electrophilic hydroxyl radical (OH) in cells (1, 2) . Intracellular formation of hydroxyl radicals may come from a Fenton-type (3) interaction between reduced or oxidized forms of certain transition metal ions (copper and iron) and H 2 O2 (1, (4) (5) (6) . The formation of such reactive oxygen species, if they are not actively scavenged, can have a profound effect on cellular function through extensive damage to all the major groups of biochemical macromolecules. This may include lipid peroxidation (7) , carbohydrate degradation (8) , protein fragmentation (9, 10) and DNA damage. Such damage to the genetic material of the cell may take the form of DNA strand breakages, apurinic or apyrimidinic sites, or base modifications such as the formation of 8-hydroxydeoxyguanosine, thymidine glycols and ring-opened base products (1, 11, 12) . Many of these modifications are considered to be potentially genotoxic lesions that may be responsible for the mutagenic and carcinogenic activity of oxygen radicals in vivo.
The detection of such oxidative DNA damage has required the
•Abbreviation: PAH. polycyclic aromatic hydrocarbon.
development of sensitive and specific methods including radioimmunological assays using polyclonal antibodies raised against thymine glycols (13, 14) , HPLC-electrochemical detection systems for the measurement of 8-hydroxydeoxyguanosine (11, 15) and GC-MS detection of multiple thermostable base modifications (12) . In addition, studies incorporating radiolabelled bases or nucleosides into the DNA of cultured cells have been performed (16) , though such studies appear to suffer from a significant self-radiolysis component which may generate the same DNA degradation products as those resulting from exposure to reactive oxygen species.
More recently studies employing the highly sensitive 32 Ppostlabelling technique have been performed. This assay, which consists of the enzymic digestion of modified DNA to nucleoside 3'-monophosphates followed by the enzymic addition of a 32 Plabelled phosphate group at the 5'-position and subsequent chromatographic separation, has to date provided a means of detection of the DNA damage induced by both bulky aromatic/hydrophobic compounds (17) (18) (19) (20) and by small aliphatic alkylating agents (21, 22) . In addition, recent studies have applied the method to the detection of diymidine glycol in 7-irradiated DNA (23) and the putative identification of 8-hydroxydeoxyguanosine from nucleotides treated with ascorbic acid and H2O2 (24) . Similarly, 8-hydroxydeoxyguanosine measurement has been reported by a postlabelling assay based upon a method for detection of C^-alkyldeoxyguanosine (25) and, recently, detection of adenine AM -oxide in cellular DNA exposed to H 2 O 2 was performed (26) . In this paper we describe the analysis, using the nuclease PI modification of 32 P-postlabelling (18) , of DNA exposed to a Fenton-type oxygen radical-generating system and report the generation of a novel type of lesion with aromatic/hydrophobic adduct characteristics.
Materials and methods

Materials
Salmon sperm and calf thymus DNA, 3'-dAp, 3'-dGp, 3'-dCp, 3'-dTp, dTpdA, dTpdG, dTpdT, dTpdC, dCpdA, dCpdG. dCpdT, dGpdG, dApdT, dApdC, dApdA, dApdG, CuSO 4 , FeSO 4 , CoSO 4 , X phage DNA-tf/mMl digest (mol. wt markers: 0.5-23 kb), ethidium bromide, human prostatic acid phosphatase, Crotalus durissus lerrificus snake venom phosphodtesterase and bovine catalase (attached to beaded agarose) were obtained from Sigma Chemical Co., Poole, Dorset, UK. All other chemicals and materials were from previously mentioned sources (27) , except T4 polynucteotide kinase which was obtained from Cambridge Bioscience, Cambridge, UK.
Preparation of DNA
Commercially obtained DNA was repurified using the phenol extraction method of Gupta (28) before use. In some instances denatured DNA was required and this was produced by incubating a solution of DNA at 100°C for 10 min and immersion into an ice bath immediately prior to its use.
Oxygen radical treatment of DNA, nucleotides and dinudeotides DNA (from salmon sperm or calf thymus), nucleotides or dinudeotides were dissolved in deionized ultra-pure water at a concentration of 400 /ig/vni. Hydrogen peroxide was then added to a final concentration of 50 mM followed by the addition of a copper sulfate solution to a final concentration of 100 nM. In some experiments copper sulfate was replaced by iron(U) sulfate or cobalt(II) sulfate. The samples were then vortexed and incubated at 37°C. Aliquots of 500 y.\ were taken before, immediately after, and at time intervals following the addition of both the peroxide P.L.Carmicfaael, M.Ni Sbt and D.H.Phillips and copper sulfate, and dispensed into tubes containing 100 p\ of washed, dry immobilized-catalase (314 U). Samples were then vortexed and left at room temperature for 15 min before the immobilized catalase was spun down by centrifugation at 13 000 g for 5 min and the supernatant was collected and stored at -20°C.
P-PostlabeUing
DNA samples treated with the CuSO 4 /H 2 O 2 oxygen radical-generating system were thawed and 10 y\ (4 /ig) was digested overnight by the addition of microccccal nuclease (0.14 U) and spleen phosphodiesterase (1.2 jig). Further digestion for 1 h was then performed with nuclease PI (0.15 U/sample) as described previously (18) , or butanol extraction of the samples was carried out as reported before (29) . Samples were then 32 P-labelled by incubation with carrier-free (7- 32 P]ATP (synthesized as described previously, ref. 30; 25 /iCi/sample) and with T4 polynucleotide kinase at 37°C for 30 min. The reaction was then terminated by the addition of apyrase (17) . These procedures are designed to yield bisphosphate adducts (*pXp). However, in some experiments, the nuclease PI, acid phosphatase and venom phosphodiesterase method of Reddy el al. (31) and Randerath et al. (32) was performed to yield monophosphates (*pX) or dinucleotides (*pXpN).
Resolution of (33, 34) . The presence of radiolabelled material on the chromatograms was detected by autoradiography at -70°C for 24 h using intensifying screens.
Quantitation of DNA adducts
The radioactive adduct spots, located by autoradiography, were excised from chromatograms and the P levels measured by Cerenkov counting. Background levels, obtained by counting areas of the chromatograms not containing adducts. were then subtracted. The specific activity of the laboratory-synthesized [-y- 32 P]ATP was determined for each batch by measuring the polynucleotide kinase-catalysed incorporation of radioactivity into a known amount of dAp (18) and a mean value of 3400 Ci/mmol was obtained. The levels of adducts present in each DNA sample were then calculated from the background-corrected adduct counts and specific activity, and expressed as fmol adducts/^g DNA.
Agarose gel eleclrophoresis Gels of 0.8% (w/v) agarose in Tris-acetate buffer were used for electrophoresis of DNA exposed to the oxygen radical-generating system, according to the method of Sambrook et al. (35) and viewed under UV light following staining with cthidium bromide.
HPLC analysis of DNA adducts HPLC analysis of 32 P-labelled adducts was performed according to the method of Pfau and Phillips (36) with a Waters HPLC system consisting of two 501 HPLC pumps, a 712 WISP autosampler and a Berthold LB 507A HPLC radioactivity monitor. Gradient control and data processing were achieved with a Waters Datastation with Baseline 810 software. Adduct spots, excised from PH-cellulose TLC plates were shaken overnight in 400 y\ of 4 M pyridinium formate, pH 4.5 and filtered, evaporated under nitrogen and redissolved in water before injection onto a Zorbax phenyl reverse-phase column (particle size 5 /tin, 250x4.6 mm i.d.) with elution using the following solvent system: buffer A (0.3 M sodium dihydrogen orthophosphate and 0.2 M orthophosphoric acid, adjusted to pH 2.0) at a flow-rate of 1.2 mJ/min with a linear gradient of 10-15% buffer B (methanol/buffer A, 9:1) between 0 and 20 min, then a linear gradient of 15-60% buffer B between 20 and 40 min.
Results
Oxygen radical attack of DNA Salmon sperm DNA was treated with an oxygen radicalgenerating system of H 2 O2 and copper ions and the samples digested with micrococcal nuclease, spleen phosphodiesterase and nuclease PI before 32 P-postlabelling as described in Materials and methods. Figure 1 (A) -(F) shows that oxygen radical attack resulted in the progressive formation, within 5 -15 min, of at least ten adducts resolvable by TLC. These species (in particular the two major adducts numbered 1 and 2) were resolved as discrete spots, with mobilities that closely resembled those of adducts formed by the covalent interaction of DNA with polycyclic aromatic hydrocarbons (PAH*) (19, 34) . TLC min. All samples were nuclease PI digested except sample (I), which was extracted with butanol. All samples were chromatographed using solvent systems Dl, D2a. D3a and D4 except sample (G) (solvent systems Dl, D2b, D3b and D4) and sample (H) (solvent systems Dl, D2c, D3c and D4). separation of the adducts was best achieved using the solvent systems D2a and D3a ( Figure 1A -F), though adequate mobility could also be achieved with solvent systems D2b and D3b ( Figure 1G ). However, higher solvent concentrations (D2c and D3c) resulted in the migration of adducts off the top of the plates ( Figure 1H ).
Agarose gel electrophoresis revealed that the CuSO 4 /H 2 O 2 treatment also resulted in extensive DNA strand breakages within the same time-frame as the formation of the DNA adducts. The adduct spots produced by such treatment were excised from the PEI-cellulose plates and quantified by Cerenkov counting and the time-course of their formation determined (see Figure 3 ). The two major adducts 1 and 2, and the minor adduct 8 (using the numbering system shown in Figure 1 ) reproducibly reached peak concentrations after 15 min treatment but declined by 60 min ( Figure 3A) . Adduct spots 4, 6 and 9, however, reached peak concentrations at 5 min ( Figure 3B ) and spots 5 and 7 were still increasing after 60 min treatment ( Figure 3C ). The adduct maps described above were all obtained after DNA digests had been incubated with nuclease PI, prior to 32 Plabelling, in order to enhance the sensitivity of the assay by converting unmodified nucleotides to nucleosides that are not substrates for the kinase-catalysed reaction. This therefore enhances the labelling of modified nucleotides or 'adducts' that are resistant to nuclease PI digestion. Butanol extraction (19, 29) has also been widely used to achieve this concentration of adducts prior to labelling, and is particularly appropriate in the In addition to the results obtained with the salmon sperm DNA, treatment of DNA from other sources was explored and found to give identical adduct patterns. For example, calf thymus DNA was found to give the adduct map presented in Figure 1(J) , thus demonstrating the formation of a similar adduct profile to salmon sperm DNA. Furthermore, the potential of other transition metal ions to donate electrons to reactive oxygen formation in this system was explored. When copper ions were substituted by iron, very similar adduct patterns were again produced with salmon sperm DNA, though one new adduct migrating close to the origin was also formed (data not shown). The total adduct level produced by 15 min treatment with iron and peroxide [0.75 ± 0.18 (SEM for n = 2) fmol adducts//tg DNA] was, however, slightly less than that produced by copper and peroxide [0.83 ± 0.20 (SEM for n = 2) fmol adducts//tg DNA], though not statistically significant. Cobalt ions were found to be relatively ineffective in inducing the formation of adducts (0.05 fmol adducts//*g DNA, data not shown).
To confirm that the generation of the 32 P-postlabelled adducts was the result of a Fenton-type reaction producing DNAdamaging oxygen radicals, salmon DNA was also incubated for 60 min in the presence of either H 2 O 2 or CuSO 4 alone. The use of either reagent singly was found to produce no significant adduct spots (total adduct levels recovered from plates = H 2 O 2 alone: 0.038, CuSO 4 alone: 0.031 fmol adducts//ig DNA); only when copper and peroxide were used in combination were the adducts produced (total adduct level = 0.481 fmol adducts//ig DNA).
In order to explore further the nature of the adduct formation Figure 4G ), however, demonstrated that only the bisphosphate labelling procedure ( Figure 4H ) resulted in the detection of any of the previously described adduct spots. In addition, an absolute requirement for micrococcal nuclease and spleen phosphodiesterase, followed by nuclease PI digestion of the oxygen radical-treated DNA was demonstrated ( Figure 4H-J) .
Oxygen radical attack of mononucleotides and dinucleotides
In order to elucidate the nature of the modified adducts, deoxyribonucleoside 3'-monophosphates (3'-dAp, 3'-dGp, 3'-dCp and 3'-dTp) were also treated with Cu 2+ /H 2 O2 under the conditions used to treat DNA. Treatment and 32 P-postlabelling of 3'-dCp ( Figure 4B ) and 3'-dTp ( Figure 4D ) produced autoradiographs devoid of radioactive spots; however, a chromatogram containing diffuse areas of radioactivity but no defined adduct spots was produced by 3'-dAp ( Figure 4A ) and a number of weak spots chromatographically distinct from those found with DNA was produced by treatment of 3'-dGp ( Figure 4C ). In addition to the treatment of deoxyribonucleoside 3'-monophosphates, ribonucleoside 3'-monophosphates were also tested. Again no adducts were detected with 3'-Cp or 3'-Ap (data not shown), though a single adduct spot, eluting close to the origin, was found with 3'-Gp ( Figure 4E ). No adduct spots were detected when deoxyribonucleoside 5'-monophosphates were employed as a negative control (data not shown). Treatment of 12 of the 16 possible dinucleotides dTpdA, dTpdG, dTpdT, dTpdC, dCpdA, dCpdG, dCpdT, dGpdG, dApdT, dApdC, dApdA and dApdG was performed in an identical manner to the previous treatments of DNA with Cu 2+ /H 2 O 2 and the samples digested and postlabelled as before. Figure 5 shows that no significant adduct spots were detected following the treatment of dTpdG, dTpdT, dTpdC, dTpdA, dCpdA, dCpdG, dCpdT or dApdT ( Figure 5A -G,I) although some weak adducts were found with dGpdG ( Figure 5H ). However, treatments of dApdC, dApdA and dApdG ( Figure 5J -L respectively) resulted in the formation of several strongly labelled adduct spots, most notably the two species formed from dApdG (a weak upper spot and a highly labelled, elongated lower spot) and a single adduct from dApdA. The time course of the development of these adducts is presented in Figure 6 , and shows that the adducts reached peak levels after 50 and 70 min treatment with Cu 2+ /H 2 O2 for dApdA and dApdG respectively. In addition, the detection by 32 Ppostlabelling of the adducts from dApdG and dApdA was, like those of the DNA, entirely dependent on prior digestion by micrococcal nuclease and spleen phosphodiesterase, followed by nuclease PI.
The two adduct spots formed by the treatment of dApdG and the single adduct from dApdA appeared to resemble strongly some of the adducts produced by the Cu 2+ /H 2 O 2 treatment of DNA. To establish whether this was indeed the case, 32 Ppostlabelled samples of the treated salmon DNA and dApdG, or of DNA and dApdA, were co-chromatographed on TLC. The results presented in Figure 7 show that the major elongated spot from dApdG (Figure 7 A) co-migrated with adduct spot 1 from DNA ( Figure 7B ), but that the weaker upper spot from dApdG ( Figure 7A ) was distinct from spot 2 from the DNA ( Figure 7B) . Similarly, the single spot produced from the treatment of dApdA (Figure 7 C) co-eluted on TLC with the upper spot 2 of the DNA ( Figure 7D ).
HPLC analysis of adducts induced by oxygen radical attack
The co-migrations between DNA-and dinucleotide-derived adducts observed with TLC warranted further analysis by a different chromatographic technique. Adduct spots were therefore excised and eluted from TLC plates and the material run on reverse-phase HPLC. Figure 8(A) shows that the major adduct spot of dApdG was eluted as a single peak on HPLC, with a retention time of 18.5 min. This retention time was similar to that obtained with spot 1 from the salmon DNA (18.9 min; Figure 8B ), which also ran as a single peak. However, although these retention times were very similar, a slight difference was apparent, possibly due to minor fluctuations in gradient composition. We therefore sought conformation of the co-elution of these adducts and thus the material eluted from both the major dApdG spot and spot 1 from the DNA were co-injected onto the HPLC column. Figure 8 (C) demonstrates that both adducts did indeed co-elute as a single peak (retention time 19 min) when injected together.
Elution of the single adduct formed by the oxygen radical treatment of dApdA was found to give one major peak on HPLC with a retention time of 20.1 min plus four other minor peaks, one of which ran at 28.9 min ( Figure 8E ). The corresponding adduct (spot 2) derived from the DNA was also found to give rise to two distinct peaks on HPLC; the major peak at retention time of 19.6 min and a second peak at 28.7 min ( Figure 8F ). Again the co-elution of the peaks produced from the dApdA adduct and spot 2 from the DNA was determined by their coinjection onto the column; Figure 8 (G) demonstrates that the two products from each adduct spot did indeed co-elute to give two peaks with retention times of 20.2 and 29.0 min. It is possible that the two peaks produced on HPLC by this particular adduct could be due to the close migration of adduct spot 10 to the position of spot 2 (see Figure ID -F) and thus a consequential overlap between the position of the two adducts. The upper, more minor adduct spot produced from dApdG (shown in Figures 5L and 7A ) was shown on HPLC ( Figure 8D ) to be distinct from the other adducts analysed (retention time 3.5 min), as was the major adduct produced from dApdC (see Figure 5J ). This adduct spot was found to give multiple peaks on reverse-phase HPLC, with a major peak eluting at 16.1 min ( Figure 8H ).
Discussion
The ubiquitous and reactive nature of oxygen free radicals, arising in cells by numerous processes, has given rise to many studies attempting both to characterize and quantitate the damage to DNA induced by these species. The development of the 32 Ppostlabelling technique (17) has recently provided researchers with a highly sensitive tool for such determinations, and detection of 8-hydroxydeoxyguanosine (24, 25) , thymidine glycols (23) and adenine AM-oxides (26) , induced by oxidative attack of DNA, has been reported using modifications of this procedure. These studies, however, were performed using techniques that employed the non-specific labelling of oxidized nucleotides. The workers either adopted a standard labelling method in which normal nucleotides were labelled in conjunction with the 'adducts' (thus reducing the sensitivity of the assay and complicating the interpretation of 32 P-postlabelling maps) or they employed prior chromatographic techniques to reduce interference from the presence of normal nucleotides. In this paper we now report the detection of oxygen free radical-induced modifications of DNA using the nuclease PI method of 32 P-postlabelling (18) which enables the largely specific labelling of adduct species in preference to the labelling of normal nucleotides.
Adoption of this method revealed that up to two major and eight minor nuclease PI-resistant adducts, derived from DNA treated with an oxygen radical-generating system, could be resolved as discrete spots on PEI-cellulose TLC. These adducts were only produced when both components of the oxygen radicalgenerating system (copper ions and H2O2) were present to react in a Fenton-type interaction (3). Such Fenton reactions have been widely postulated to occur within cells and to be responsible for the formation of significant intracellular levels of the highly electrophilic hydroxyl radical. Hydrogen peroxide and copper ions have, indeed, been demonstrated to be available for such intracellular and DNA-adjacent interaction. Hydrogen peroxide is a common metabolite in aerobic cells, able to traverse intracellular membranes and its concentration in cells may be greatly enhanced at sites of inflammation, by irradiation (ionizing or UV) and by carcinogen metabolism. Several studies have also provided evidence that copper occurs naturally in chromosomes (5,37) and the observed interactions of copper and DNA in vitro have led to the proposal that copper may play a role in the organization and function of chromosomes (5) . Hence, these agents may combine to produce hydroxyl radicals and thus directly damage DNA at the site of formation. The majority of the 32 P-labelled adducts derived by this type of oxidative stress were formed in 5-15 min of treatment, yet further exposure to Cu 2+ /H 2 O 2 appeared to result in the loss of many of the adducts. This adduct formation and possible subsequent destruction was also accompanied by extensive DNA strand breaks, as evidenced by loss of ethidium bromide-stained material on agarose gel electrophoresis. Copper ions have been demonstrated to be between 20 and 30 times more effective in inducing strand breakage in DNA than ferric ions (4) . Similarly, in the experiments presented in this report, iron salts, in conjunction with H 2 O 2 , were found to be less potent in their production of DNA adducts as compared to copper ions, though similar maps were produced. Similar adduct maps were also produced by the CuSO 4 /H 2 O 2 treatment of calf thymus DNA and, interestingly, the chromatographic mobility of the adduct spots from calf or salmon DNA was very similar to that observed with aromatic/hydrophobic DNA adducts, such as those produced by the covalent binding of PAH to DNA (19, 34) . However, butanol extraction (19, 29) , which provides an alternative to the PI enhancement of PAH-type adducts, was not found to be suitable for the detection of the oxidative damage-derived adducts. Furthermore, comparison of the elution of PAH adducts and the oxy-radical-derived species on reverse-phase HPLC suggested that the latter were slightly more polar in nature; as evidenced by the longer retention times of PAH-DNA adducts on HPLC (data not shown). This greater polarity may have been responsible for the inability to extract efficiently the radical-induced adducts into butanol.
Comparison of the extent of adduct formation from both singlestranded DNA and native double-stranded DNA showed a 1.5-fold greater formation of adducts from the single-stranded form. Although the possibility exists that some reannealing of Oxldatlvtly-derlvad Interba** Interaction Fig. 9 . Proposed formation of a stable interbase interaction between adjacent adenine and guanine bases in DNA through exposure to Cu~+/HiOTindueed oxidative stress and subsequent digestion by micrococcal nuclease (MN) and spleen phosphodiesterase (SPD). P denotes orthophosphate group; A. adenine; G. guanine; B, unspecified base.
DNA may have occurred, the treatment with CuSO 4 /H 2 O 2 thus appeared to be inducing an intrastrand effect rather than interstrand crosslinking of the DNA (38) . Furthermore, several factors suggest that the 32 P-labelled species detected were not one or more of the commonly characterized oxidative lesions of DNA, such as thymidine glycols or 8-hydroxydeoxyguanosine. Firstly, it would appear unlikely that such small, polar and hydroxylated or ring-opened nucleotide derivatives would be candidates for effective migration on the TLC system selected, which had been developed for the separation of bulky and hydrophobic adducts, with normal nucleotides being eluted from the plates by the Dl solvent. Secondly, treatment and 32 P-labelling of deoxyribonucleoside 3'-monophosphates demonstrated that no adducts of a similar nature to those found in DNA treated with Cu 2+ /H 2 O2 were produced from any of the four nucleotides or, indeed, from any ribonucleoside 3'-monophosphate or deoxyribonucleoside 5'-monophosphate.
Suggestions have been made that oxidative damage to DNA can result in the formation of digestion-resistant sites (39) and hence we sought to explore the possibility that dinucleotide species (joined through an enzyme-resistant phosphodiester linkage) were being labelled and subsequently separated on TLC. The alternative digestion procedures described by Reddy et al. (31) and Randerath et al. (32) provided a means of checking this possibility and hence DNA, treated as before with CuSO 4 /H 2 O2, was digested and labelled by these procedures to dinucleotide (•pXpN) derivatives and, in addition, to monophosphates (*pX). The TLC of these alternative digests established that neither X nor XpN adduct species were being generated and labelled in the standard bisphosphate labelling procedure employed.
The suggestion that the adducts produced by the oxidative attack of DNA were neither hydroxylated or ring-opened nucleotide derivatives, nor digestion-resistant dinucleotides, yet did appear to be derived from an intrastrand reaction, prompted us to explore the possibility, using dinucleotides, that the adducts were formed from an interaction between adjacent bases in the DNA. Of the 12 dinucleotides examined, dApdG, dApdA and dApdC were found to give discrete adduct spots on TLC following CuSO 4 /H 2 O 2 treatment and the detection of these adducts by The extent to which these species could or could not account for the adducts detected in the present study is discussed in the text. NP1 denotes digestion by nuclease PI; P. orthophosphate; *P.
32 Porthophosphate.
to the two major adducts present in oxidatively-treated DNA, confirmed by co-migration on TLC and co-elution on reversephase HPLC, suggests that the two major species in DNA, derived from the CuSO 4 /H 2 O 2 -dependent generation of hydroxyl radicals may be due to an interaction between adjacent bases of adenine with guanine, and adenine with adenine. It is interesting to note that neither of these dinucleotide combinations are complimentary to themselves and hence there is no possibility of base-pairing, unlike in the experiments performed with singlestranded DNA.
A hypothesis concerning the possible nature of these oxidatively derived species may be based on the expected digestion products. The hypothetical formation, through oxidative attack, of an interbase interaction between adenine and guanine is shown in Figure 9 . If such a stable interaction occurred, then digestion with micrococcal nuclease and spleen phosphodiesterase may have produced the demonstrated dinucleotide species (Figure 9 ). This dinucleotide would be distinct from a dinucleotide joined through its phosphodiester linkage [as formed in the alternative digestion procedures described above (31, 32) ]. Both phosphate groups in this base-linked dinucleotide would thus be potential sites for nuclease PI digestion. However, the experiments performed in this report have demonstrated the adducts to be nuclease PI resistant and hence a number of possibilities arise.
If the product in Figure 9 was nuclease PI resistant at both phosphate group, the nuclease PI treatment and subsequent labelling with 35 P by T4 polynucleotide kinase could result in the bi-labelled product shown in Figure 10 , reaction A. Alternatively, if only one of the phosphate groups was nuclease PI resistant then 32 P-labelling would occur at either the 5'-position of the deoxyadenosine or of the deoxyguanosine as shown in Figure 10 , reactions B and C. The results of experiments performed with dApdG and dApdA ( Figure 5 ) would, however, argue against the formation of the products of reactions A and B as neither dApdG or dApdA contained a 3'-phosphate at the dG or second dA and thus could not be labelled at the free 5'-position of these moieties. Other possibilities, are shown in Figure 10(D) and (E), whereby the oxygen radical-induced interaction between bases and the subsequent digestions could result in a depurination [a reaction common in the oxidative attack of DNA (40)] and thus produce 32 P-labelled nucleotides with the adjacent base interaction still present in the molecule. Again, however, the experiments performed with dApdG and dApdA (with no 3'-phosphate at the dG or second dA) would argue against the formation of the product shown in reaction D. Thus we propose that the CuSO 4 /H 2 O2-induced adducts may potentially be the products of reactions C and E-species that could well possess chromatographic properties similar to those of PAH-DNA adducts. Hence, the data described in this paper represent the partial characterization of a new form of oxidatively derived species in DNA. Further work is in progress to elucidate the exact nature of these unique aromatic adduct-like moieties.
While this manuscript was in preparation, we became aware of the recently published paper by Randerath et al. (41) , in which aromatic/hydrophobic adduct species, very similar to those described here, were induced in DNA by incubation with iron, peroxide and ascorbate and detected by the nuclease PI, 32 Ppostlabelling method. These workers documented the formation of two major adducts induced by oxidative attack, one of which was claimed to be related to the I-compounds (42) . Our experiments with dinucleotides and denatured DNA suggest that the 32 P-postlabelled products detected may be the result of intrastrand linking of specific adjacent bases.
